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Summary
Background: Aging is under genetic control in C. elegans, but
the mechanisms of life-span regulation are not completely
known. MicroRNAs (miRNAs) regulate various aspects of
development and metabolism, and one miRNA has been
previously implicated in life span.
Results: Here we show that multiple miRNAs change expres-
sion in C. elegans aging, including novel miRNAs, and that
mutations in several of the most upregulated miRNAs lead to
life-span defects. Some act to promote normal life span and
stress resistance, whereas others inhibit these phenomena.
We find that these miRNAs genetically interact with genes in
the DNA damage checkpoint response pathway and in the
insulin signaling pathway.
Conclusions: Our findings reveal that miRNAs both positively
and negatively influence life span. Because several miRNAs
upregulated during aging regulate genes in conserved path-
ways of aging and thereby influence life span in C. elegans,
we propose that miRNAs may play important roles in stress
response and aging of more complex organisms.
Introduction
In nature, longevity is characterized by a remarkable degree of
variability, but the factors that dictate this plasticity of aging are
largely unknown. Research pioneered in C. elegans has identi-
fied multiple genetic mechanisms that play a significant role
during organismal aging [1]. The accumulated evidence
demonstrates that aging is influenced by a complex interplay
of regulatory mechanisms that respond to stress, nutrient
availability, and environment. Mutations in the daf-2 insulin/
insulin-like growth factor (IGF) receptor gene cause an exten-
sion of life span and stress resistance by deregulating the
function of the DAF-16/FOXO transcription factor [1]. Similarly,
mutations in genes that modulate the response to caloric
restriction andDNA repair have significant effects on longevity,
through mechanisms independent of the insulin pathway [1].
Moreover, these pathways are evolutionarily conserved in
higher organisms. Nevertheless, the complete genetic circuits
by which these genes modulate aging have not been fully
elucidated.
MicroRNAs (miRNAs), discovered in C. elegans [2], are
endogenous, noncoding RNAs with important roles in control-
ling gene expression and development in plants and animals.
Diverse functions have been attributed to miRNAs—in-
cluding roles in developmental timing, neuronal development,*Correspondence: frank.slack@yale.edumetabolism, immunity, life span, and cancer [3]—and target
predictions suggest that they may regulate thousands of
human genes [4]. Still, only a small number of the thousands
of knownmiRNAs have been implicated in a specific biological
function, whereas the role of the vast majority of miRNAs
remains unknown. Mutations in the developmental timing
genes lin-4 (a founding member of the miRNA family) and its
target lin-14 significantly alter the normal aging process in
C. elegans, thus revealing a degree of miRNA control of aging
in C. elegans [5]. In addition, microarray analysis in C. elegans
has revealed distinct miRNA expression changes during aging
[6]. These observations show that miRNAs may function in
pathways that impact life span, but little is known about the
extent of their roles and their mechanisms. Here we report
the identification of several novel miRNAs by deep sequencing
of aged C. elegans and show that four of the most highly
upregulated miRNAs with aging exhibit aberrant life-span
phenotypes as well as abnormal stress responses. We provide
evidence for the role of the insulin and the DNA damage path-
ways in the life-span functions of these miRNAs. These results
demonstrate new roles for miRNAs in signaling pathways that
are conserved in eukaryotes.
Results
Deep Sequencing of Small RNAs from Aged C. elegans
To identify miRNAs with functions in life span, we undertook
a deep-sequencing survey of miRNAs from aged tissue
in wild-type (N2) and in a long-lived daf-2(e1370) mutant
C. elegans. We hypothesized that aging-specific miRNAs
might exhibit differential expression in older animals or in
mutants with aberrant life span, such as daf-2(e1370), which
live twice as long as wild-type C. elegans [7]. Total RNA was
collected fromN2 and daf-2 animals when they reached young
adulthood (day 0) and when animals reached day 10, an inflec-
tion point when wild-type animals begin dying. We obtained
a total of 889,762 sequences of small RNAs (15–25 nt) from
the four samples of C. elegans examined, of which 626,616
sequences (70.4%) aligned perfectly to theC. elegans genome
(see Table S1 available online). Overall, our survey detected
perfect matches to the mature forms of 120 out of the 155
miRNAs annotated in miRBase 13.0, which indicates the
significant sequencing depth of our study. This allowed us to
identify miRNAs, including novel species, that are enriched in
aging animals.
Novel miRNAs in Aged C. elegans
Wehypothesized that yet-unidentifiedmiRNAsmay contribute
to gene regulatory networks that affect life span. After discard-
ing previously annotated noncoding RNAs (ncRNAs) and
mRNAs from the 626,616 C. elegans aligned reads, we ob-
tained 83,439 nonredundant, unannotated sequences from
C. elegans. These 83,439 sequences, representing 142,689
total reads, were tested to determine whether they repre-
sented novel C. elegans miRNAs. To identify likely miRNA
candidates, we used the miRNA discovery software package
miRDeep, which identifies novel miRNAs based on the stability
of their putative pre-miRNA hairpins in addition to ‘‘signature
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Figure 1. Novel miRNAs Identified in Aged C. elegans
(A) Secondary structures of putative precursor hairpins corresponding to
miRNAs identified in a pool of RNAs enriched for aged C. elegans. The
predicted mature sequences are highlighted in red.
(B) Conservation of novel miRNAs miR-4929, miR-4930, and miR-4933 to
known miRNAs. Identical nucleotides are highlighted in black.
(C) Validation of expression of candidate novel miRNAs. The expression of
novel miRNAs miR-4931, miR-4932, miR-4933, and miR-4935 was
confirmed by TaqMan qRT-PCR in wild-type (N2) C. elegans. Consistent
with their classification as miRNAs, their expression was significantly
reduced in alg-1(gk214) mutant animals. The expression of the miRNA let-
7 is shown as a positive control. The expression of a non-miRNA small
RNA species (snoRNA sn2429) does not change in an alg-1(gk214) back-
ground (data not shown). *p < 0.05, alg-1(gk215) compared to wild-type
(N2) by Student’s t test. Error bars represent standard deviation.
Table 1. Summary of Largest Expression Changes of miRNAs with Aging
miRNA N2 daf-2(e1370) Homology
Most Upregulated with Aging
miR-246 5.90 9.46
miR-71 4.04 4.21
miR-34 3.93 3.28 miR-34
miR-253 3.31 1.44 miR-220
miR-238 2.88 2.43 miR-12
miR-239b 2.85 6.37 miR-12
miR-239a 2.15 1.91 miR-12
Most Downregulated with Aging
let-7 27.38 25.39 let-7
miR-41 26.78 22.34
miR-70 25.70 23.80
miR-252 25.02 22.22
miR-62 24.30 22.91
miR-36 24.10 22.62
miR-59 23.56 21.41
miR-1829b 23.44 22.31
miR-236 23.20 23.69 miR-200b
miR-37 23.20 22.15
miR-237 23.14 25.70 lin-4, miR-125
miR-793 22.95 22.13
miR-43 22.72 22.10
miR-65 22.65 21.76
miR-40 22.59 22.50
miR-77 22.27 21.48
miR-79 22.22 24.93 miR-9
miR-81 22.18 21.88
miR-82 22.17 21.82
miR-259 22.16 21.37
miR-38 22.14 21.84
miR-64 22.11 21.61
miR-35 22.06 21.81
miRNA Day 0 miRNA Day 10
Most Upregulated in daf-2(e1370)
miR-237 2.94 miR-62 3.00
miR-49 2.26 miR-49 2.93
miR-253 2.21 miR-252 2.22
miR-44 2.05 miR-231 2.19
miR-45 2.05
miR-62 2.03
Most Downregulated in daf-2(e1370)
miR-1829c 24.49 miR-242 22.24
miR-239b 23.40
miR-259 22.80
miR-246 22.04
miR-85 22.00
Top: summary of miRNAs with >2-fold change in expression from day 0 to
day 10 of adulthood in wild-type (N2) C. elegans in our cloning survey,
after normalizing for total reads that match the C. elegans genome (values
that represent >2-fold change are indicated in italics). Also shown are
expression changes for miRNAs from day 0 to day 10 of adulthood in
daf-2(e1370) mutants. miRNAs that belong to miRNA families conserved
in other phyla are indicated (miR-12 is a Drosophila homolog).
Bottom: list of miRNAs with >2-fold expression change in daf-2(e1370)
mutants as compared to wild-type (N2) animals on day 0 and day 10 of
adulthood.
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2160reads’’—sequences found with the deep-sequencing data
that are consistent with miRNA biogenesis [8]. Our analysis
revealed a set of ten sequences that are predicted to fold
into hairpin structures characteristic of bona fide miRNAs
(Figure 1A) and represent likely novel miRNAs. Moreover,
several of these novel miRNA candidates (mir-4929,
mir-4930, and mir-4933) share homology over their ‘‘seed’’
sequence (nucleotides 2–8 of the mature miRNA) with miRNAs
in higher eukaryotes, including two human miRNAs, suggest-
ing that they may be family members of these miRNAs (Fig-
ure 1B). Interestingly, miR-4933 appears to be a new member
of the miR-34 miRNA family, and miR-34 is one of the miRNAs
that exhibited the greatest increase in expression with aging
(see below) (Table 1; Figure S2).
Several of these novel candidates—such as miR-4938,
miR-4936, miR-4937, miR-4931, miR-4932, miR-4933, and
miR-4935—were expressed preferentially in aged C. elegans
(Figure S1). In addition, these miRNAs showed reducedexpression in both young and old daf-2(e1370) worms (Fig-
ureS1). Thus, these novelmiRNAs seem tobepreferentially ex-
pressed innormal, agedworms—a result that is consistentwith
the rationale of the experiment. Finally, three miRNAs—miR-
4929, miR-4930, and miR-4934—were expressed only in the
daf-2 samples and may represent miRNAs that are normally
under the regulation of the insulin/IGF signaling (IIS) pathway.
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miRNAs, we designed custom TaqMan assays specific to the
putative mature sequences of the four candidate miRNAs for
which we had few reads—miR-4931, miR-4932, miR-4933,
and miR-4935. Our quantitative reverse transcriptase-poly-
merase chain reaction (qRT-PCR) results showed that, indeed,
all four candidates were expressed in aged C. elegans,
although much less frequently, as expected, than previously
characterized miRNAs such as let-7 (Figure 1C). Importantly,
the expression of these tested candidate miRNAs was signifi-
cantly reduced in mutant C. elegans animals with attenuated
expression of the miRNA-associated factor ALG-1 (Figure 1C).
Because alg-1 has been shown to be important for mature
miRNA accumulation [9], our results are consistent with the
classification of mir-4931, mir-4932, mir-4933, and mir-4935
as novel miRNAs.
Changes in Expression of miRNAs with Aging
In an effort to discover miRNAs with functions specific to post-
developmental processes, we measured the expression
changes of all miRNAs in our sequencing data over the course
of aging and in long-lived mutants. We observed a relative
overall reduction in the expression of known miRNAs between
days 0 and 10 of adulthood in both wild-type and daf-2
animals. Whereas nearly half of all sequencing reads in day
0 wild-type adult animals represented known miRNAs
(47.9%), by day 10 the frequency of known miRNAs dropped
to 33.6% of all genome-matching reads (Table S1). This
pattern was similar in the long-lived daf-2 mutants (45.1% at
day 0 to 38.1% by day 10). We found that although the expres-
sion levels of many miRNAs remained unchanged, a subset of
miRNAs exhibited considerable changes in expression with
aging (Figure S2). For purposes of comparing expression
changes of individual miRNAs, here we considered only those
81 miRNAs for which we obtained more than ten sequences
reads between the two samples being compared. Using this
criterion, 8.6% of miRNAs increased and 28.4% decreased in
expression by more than 2-fold from day 0 to day 10 of
adulthood in wild-type N2 animals (Table 1; Figure S2). daf-2
animals exhibited a nearly identical pattern: 9.8% of miRNAs
increased and 25.6% miRNAs decreased (Table 1; Figure S2).
miR-246 was the most upregulated miRNA during aging,
showing nearly a 6-fold increase in expression from day 0 to
day 10 in wild-type. Other miRNAs that exhibited strong
increases in expression during aging in wild-type included
miR-71, which became the second most abundant miRNA by
day 10 of aging (>4-fold upregulation), miR-34 (4-fold upregu-
lation), miR-253 (3.3-fold upregulation), and the homologous
miRNAs miR-238 (2.9-fold upregulation) and miR-239a/b
(>2-fold upregulation) (Table 1; Figure S2). Conversely, let-7
was the most downregulated miRNA in aging, exhibiting a
7.4-fold decrease in expression from day 0 to day 10 of
adulthood in N2 animals (Table 1). Other miRNAs that
decreased in expression with aging included miR-41 (>6-fold
downregulation), miR-70 (>5-fold downregulation), and
miR-252 (>5-fold downregulation). Notably, two miRNAs with
dynamic changes in expression with aging, let-7 and mir-34,
are known to be involved in cancer [10, 11]. In a further link
between miRNAs and life span, a recent report has implicated
let-7 in aging-induced senescence in mouse neuronal stem
cells [12].
We validated our measurements of the expression of
several miRNAs by using several established measures of
RNA expression. We tested five miRNAs that we clonedmore frequently in old animals (miR-246, miR-238, miR-71,
miR-240, and miR-67) and three that we cloned less frequently
in old animals (let-7, miR-70, miR-237) and found that the
changes in expression with aging detected by TaqMan
qRT-PCR correlated with the expression changes that we
observed by cloning for both N2 (r = 0.90) and daf-2 animals
(r = 0.90) (Figure S3). We also used northern blotting to
compare the expression changes with aging of representative
miRNAs, such asmiR-246, themost highly upregulatedmiRNA
in our cloning survey, and, as a control, miR-66, whose expres-
sion remains constant. Consistent with our cloning results, we
found in both wild-type and daf-2 mutants that miR-66’s
expression remained unchanged whereas miR-246’s expres-
sion increased significantly with aging (Figure S3B).
In order to characterize the spatiotemporal expression
pattern of these miRNAs during aging, we examined GFP
expression driven by promoters of aging-associated miRNAs
(Figure 2). In confirmation of our deep-sequencing and
qRT-PCR findings, we observed a significant increase in
expression of GFP driven by the promoters of mir-71,
mir-238,mir-239, andmir-246 during aging (Figure 2). Interest-
ingly, both pmir-71::GFP and pmir-239::GFP reached
maximum GFP expression between days 5–7 of adulthood,
which subsequently waned, whereas pmir-238::GFP and
pmir-246::GFP expression increased steadily until the end of
life. As reported previously, miR-71 and miR-238 are ex-
pressed ubiquitously and miR-246 is expressed in gonadal
sheath cells [13]. During aging, pmir-71::GFP was noticeably
increased throughout the intestine and in the pharynx (Fig-
ure 2). By contrast, pmir-239::GFP expression was seen
primarily in intestine and in neurons (Figure 2). Although the
GFP expression patterns in transgenic animals may not fully
reflect the endogenous expression patterns of these miRNAs
(particularly because expression of genes introduced by
microinjection is often silenced in the germline), the observa-
tion of increased expression of these miRNAs in intestine,
neurons, and somatic gonad is particularly interesting
because signaling in these tissues has been previously shown
to regulate life span in C. elegans [1].
Changes in Expression of miRNAs in daf-2 Animals
The insulin/IGF-1 receptor DAF-2 is a key component of the IIS
pathway in C. elegans that responds to environmental signals
to regulate stress response and life span. Previous studies
have identified a wide variety of mRNAs whose expression is
altered in daf-2 mutant animals and found that a significant
number of these genes could affect life span when mutated
[14]. Similarly, we hypothesized that miRNAs exhibiting signif-
icantly altered expression in daf-2 animalsmay be good candi-
dates for novel life-span-determining genes. In an effort to
identify miRNAs that depend on the IGF-1/daf-2 pathway, we
compared the miRNA profiles of wild-type animals with those
of daf-2(e1370) mutants.
We observed that the vastmajority of miRNAs exhibited very
similar changes in expression with aging between N2 and
daf-2 animals (r = 0.83), suggesting that the changes in miRNA
expression that we observed are reproducible across strains
and that the expression of the majority of miRNAs is not
affected by a loss of DAF-2 (Figure S2). Although the profile
of miRNA expression in N2 and daf-2 animals was similar,
we found a few specific miRNAs that exhibited altered expres-
sion in daf-2 mutant animals (Table 1; Figure S2). Notably,
several of these miRNAs also exhibited altered expression
with aging (see below), suggesting that they may be
Figure 2. Spatiotemporal Expression Changes in miRNA Expression during Aging
Expression of GFP in C. elegans reporter strains for four aging-associated miRNAs was surveyed during adulthood. Consistent with deep-sequencing and
qRT-PCR results, the expression of GFP driven by the promoters ofmir-71,mir-238,mir-239, andmir-246 increased during aging. miR-71 and miR-238 are
expressed ubiquitously and miR-246 is expressed in gonadal sheath cells, as reported previously [13]. During aging, pmir-71::GFP expression increases in
the intestine and in the pharynx, whereas pmir-239::GFP expression is seen primarily in intestine and neurons, tissues previously implicated in regulation of
life span in C. elegans [1]. Representative images showing changes in GFP intensity are shown (warmer colors indicate higher GFP expression).
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Interestingly, the miRNA with the greatest increase in expres-
sion in young daf-2 animals, miR-237, was one of the most
downregulated miRNAs in older animals (Table 1). In fact,
other miRNAs exhibited this pattern—miR-62 and miR-252
were among the most upregulated miRNAs in daf-2 mutant
animals, when compared to wild-type of the same age
(day 10), in addition to being among the most downregulated
miRNAs with aging. Conversely, miR-239b, which appeared
to be downregulated in young daf-2 animals, was also
among the most upregulated miRNAs with aging (Table 1).
Collectively, these daf-2-associated miRNAs reveal the inter-
section of the daf-2 pathway with miRNA-regulated genes
that impact life span (Table 1).
Certain Aging-Enriched miRNAs Function
in Life-Span Control
We considered the hypothesis that miRNAs displaying
dramatic changes in expression across aging and in daf-2
mutants may function in life-span control. Specifically, we
focused on miRNAs that are overexpressed with aging
because the upregulation of specific miRNAs appears to be
a common response of various organisms to stress conditions
such as DNA damage, hypoxia, and nutrient deprivation
[10, 15–18]. In order to uncover putative functions for these
miRNAs in life span, we examined mutants containingdeletions for the miRNAs of interest (Table 1) from the C. ele-
gans Genome Consortium (CGC). These mutant C. elegans
were backcrossed three to six times to the control laboratory
wild-type C. elegans strain (N2) before assaying life span.
Knockout mutants for all miRNAs that exhibited greater
than 2-fold increases in expression with aging were tested:
mir-246(n4636),mir-71(n4115),mir-34(gk437),mir-253(nDf64),
mir-238(n4112), and mir-239(nDf62). In addition, we also
tested the life spans of mir-240(n4541) and mir-67(n4899),
knockout mutants of miRNAs that exhibited more modest
increases of expression with aging (>1.5-fold). Life-span
assays on these mutants revealed that four of the miRNAs
that exhibited the largest expression changes with aging—
miR-71, miR-238, miR-239, and miR-246—also influenced life
span (Figure 3). Specifically, deletions of miR-71, miR-238,
and miR-246 decreased life span, whereas deletion of
miR-239 led to reproducible and significant life-span exten-
sion as compared to wild-type animals (Figure 3A). The mean
life span of these mutants was altered by w10%–50% in
relation to wild-type N2 animals (Table S3). Other miRNA
mutants tested—mir-34(gk437 and n4276), mir-253(nDf64),
mir-240(n4541), and mir-67(n4899)—did not exhibit signifi-
cantly altered life span (data not shown). Although the effects
observed with our aging-associated miRNA mutants were not
as dramatic as the aberrant life span observed in suchmutants
as daf-2 and age-1 (which typically double the life span of
A B 
C D 
Figure 3. Deletion or Overexpression of Aging-Associated miRNAs Affects Life Span
(A) Mutations in differentially expressed miRNAs affect life span. Four miRNA genes that are among the most overexpressed in aged animals—mir-71,
mir-238, mir-239, and mir-246—exhibit significant changes in life span when mutated. C. elegans mutants that contain deletions of miR-71, miR-238,
and miR-246—mir-71(n4115) (red), mir-238(n4112) (blue), and mir-246(n4636) (magenta)—exhibit significantly reduced life span compared to wild-type
(N2) animals (black), whereas deletion of miR-239—mir-239(nDf62) (green)—extends life span.
(B and C) miR-71 and miR-246 overexpression extends life span. Three lines overexpressing (o/e) miR-71 (B) or miR-246 (C) exhibit longer life spans
compared to wild-type N2 animals.
(D) miR-239 overexpression reduces life span. Three lines overexpressing (o/e) miR-239 (red, blue, and green) exhibit significantly shorter life span as
compared to wild-type N2 animals (black).
All life-span assays were conducted at 20C. Statistics are shown in Table S3.
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terized effectors of C. elegans life span such as the 5%–20%
extension induced by a clk-1 mutation [19, 20], the 12%–
20% extension caused by sir-2.1 overexpression [21], the
14% extension induced by resveratrol treatment [22], and
the significance cutoffs (>5%–10% extension) used in two
large-scale RNA interference (RNAi) screens [23, 24].
Because miR-71, miR-238, and miR-246 were highly upre-
gulated during aging (Table 1), these results suggest that these
miRNAs increase during aging and promote longevity. An
alternative explanation for the shorter life spans of mir-71,
mir-238, andmir-246mutantsmight lie in nonspecific sickness
caused by deletion of these genes. However, none of these
mutants exhibited any physiological or behavioral abnormali-
ties during growth and development [25, 26]; Figure S4 and
Table S4). In assays that tested morphology, growth, develop-
ment, locomotion, pharyngeal pumping, defecation, egg
laying, and dauer formation, these mutants all exhibited wild-
type behavior [25, 26]. Nevertheless, and in order to test
directly for a role in life span, we generated, via microinjection,
transgenic C. elegans overexpressing the aging-associated
miRNAs miR-71, miR-238, miR-239, and miR-246 via
extrachromosomal arrays [27]. Strikingly, we observed that
overexpression of both miR-71 and miR-246 significantly and
reproducibly increased longevity whereas miR-239 overex-
pression reduced life span (Figures 3B–3D). Overexpressionof miR-238 did not affect life span, suggesting either that this
miRNA is not a bona fide aging gene or that its overexpression
may cause confounding effects such as developmental abnor-
malities (Figure S4A). Importantly, the life-span phenotypes
caused by miR-71, miR-239, or miR-246 overexpression
were the opposite of what we observed when these miRNAs
were deleted (Figure 3A). Together, these observations
strongly suggest a direct role for miR-71 and miR-246 to
promote longevity and a function for miR-239 in pathways
that antagonize longevity in C. elegans.
Stress Resistance of Aging miRNAs
Because stress resistance is associated with life span [28], we
considered the possibility that deletions of aging-associated
miRNAs may also impact the response of C. elegans to stress.
To this end, we tested the heat stress and oxidative stress
response of C. elegans mutant adults bearing deletions of
mir-71, mir-238, mir-239, and mir-246. Compared to the
wild-type N2 strain, we observed that the long-lived mutant
mir-239(nDf62) exhibited significant resistance to both heat
stress (35C) and oxidative stress (paraquat) (Figure 4).
Conversely, the short-lived mutant mir-71(n4115) exhibited
a significantly increased sensitivity to both heat and oxidative
stress whereas mir-238(n4112) and mir-246(n4636) caused
increased sensitivity to oxidative and heat stress, respectively
(Figure 4). These results demonstrate that miR-71, miR-238,
A B 35oC (Heat Stress) Paraquat (Oxidative Stress) 
Figure 4. Stress Resistance in miRNA Mutants Correlates with Their Life-Span Phenotypes
(A) In response to heat shock (12 hr at 35C), the short-livedmiRNAmutantsmir-71(n4115) andmir-246(n4636) exhibit increased thermosensitivity, whereas
the long-lived mutant mir-239(nDf62) exhibits significantly increased thermoresistance as compared to wild-type animals (N2).
(B) Similarly, in response to oxidative stress (paraquat, 6 hr), the short-lived mutantsmir-71(n4115) andmir-238(n4112) exhibit decreased survival, whereas
the long-lived mutant mir-239(nDf62) exhibits significantly increased survival compared to wild-type animals.
Each strain (n > 30) was examined in triplicate. Error bars represent the standard deviation between triplicate samples. p values were calculated via
Student’s t test: p = 0.42 for mir-238(n4112) (heat stress); p = 0.99 for mir-246(n4636) (paraquat); *p < 0.05 compared to wild-type (N2).
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response of C. elegans to conditions of environmental stress,
in support of our observations that these miRNAs are neces-
sary for normal life span in C. elegans.
Aging-Associated miRNAs Function through
the IGF-1/Insulin-like Pathway
In order to understand the biological pathways that mediate
the function of aging-associated miRNAs, we tested their
function in the IGF-1/insulin-like pathway, which is known
to mediate longevity in C. elegans, Drosophila, and mouse.
We tested whether the aging phenotypes of mir-71(n4115),
mir-238(n4112), mir-239(nDf62), and mir-246(n4636) would
be affected in daf-2 and daf-16 loss-of-function environments.
We found that RNAi directed against daf-2 and daf-16 modi-
fied the life-span phenotypes of mir-71(n4115) and mir-239
(nDf62), suggesting that these miRNAs function through the
insulin-like pathway in C. elegans. Indeed, daf-16(RNAi) com-
pletely abolished the long life span ofmir-239(nDf62)mutants,
showing that the long-lived phenotype of mir-239 mutants
depends on the presence of daf-16 (Figure 5A). In addition,
mir-239(nDf62) did not further enhance life span in a daf-2
(RNAi) background, suggesting that mir-239 and daf-2
function in the same genetic pathway (Figure 5A). Similarly,
we observed that mir-71(n4115) animals grown on daf-2
(RNAi) were shorter lived than wild-type animals grown on
daf-2(RNAi), demonstrating that loss of miR-71 partially
suppresses the long life span induced by daf-2(RNAi) (Fig-
ure 5B). In addition, daf-16(RNAi) did not further decrease
the life span of mir-71(n4115) animals, suggesting that
mir-71 and daf-16 function in the same pathway (Figure 5C).
By contrast, we found that the reduction in life span of
mir-246(n4636) mutants in daf-2(RNAi) was comparable to
the effect of loss of miR-246 in an empty vector RNAi (w15%
reduction in life span), suggesting that miR-246 does not
function through daf-2 (Figure S6A). In addition, we found
that miR-238 was not necessary for longevity induced by
loss of DAF-2, because mir-238(n4112) did not affect the life
span of daf-2(RNAi) animals, suggesting that miR-238 func-
tions upstream of daf-2 or through an independent pathway(Figure S6B). Together, these observations strongly suggest
that miR-71 and miR-239 function through the IGF-1/insulin-
like pathway to mediate life span in C. elegans.
miRNA Function in DNA Damage Response
Becausemir-71(n4115) did not fully suppress the long life span
of animals on daf-2(RNAi), we considered whether miR-71
might also function in other pathways of aging. To that end,
we tested whether the absence of a functional copy of
miR-71 might affect the life span of mutants in the DNA
damage checkpoint pathway, which has been shown to affect
life span in C. elegans [29]. We found that the increased life
span observed when RNAi is directed against two checkpoint
proteins—CDC-25.1 and CHK-1—was completely suppressed
in a mir-71(n4115) genetic background, suggesting that the
function of CDC-25.1 and CHK-1 on life span depends on
miR-71 (Figure 5D; Figure S6C).
miRNAs Affect Expression of Aging Pathway Genes
In order to understand the molecular basis of miRNA function
in IIS and in the DNA damage checkpoint pathways, we
examined the 30 untranslated regions (UTRs) of genes in these
pathways and searched for putative binding sites to the aging-
associated miRNAs. We found that several genes in the IGF-1/
insulin like pathway such as age-1, pdk-1, akt-1, and daf-16
have putative binding sites for miR-71 (Table S6) as predicted
by mirWIP [30]. In addition, CHK-1, CDC-25.1, and CDC-25.2
are also predicted to be targets of miR-71 (Table S6). Indeed,
miR-71 is predicted to have four binding sites in the 30UTR of
PDK-1 and three binding sites in the 30UTR of CDC-25.1 (Fig-
ure 6A). Because CDC-25.1 and PDK-1 antagonize life span,
we reasoned that miR-71 might promote longevity by downre-
gulating these genes during adulthood. In order to test this
hypothesis, we assayed the expression levels of these genes
by qRT-PCR in a mir-71(n4115) background, and we found
that the mRNA levels of both PDK-1 and CDC-25.1 in day 10
adults were significantly elevated in mutants lacking miR-71
as compared towild-typeN2 animals (Figure 6C). Interestingly,
in young adults (day 0), the levels of PDK-1 and CDC-25.1 were
unchanged in amir-71(n4115) background as compared to N2
Figure 5. miR-239 and miR-71 Function through the IGF-1/Insulin-like and the DNA Damage Checkpoint Pathways
(A) The long life span of mir-239(nDf62) is suppressed by daf-16(RNAi) but is unaffected by control (empty vector) RNAi. mir-239(nDf62) does not further
enhance life span on daf-2(RNAi), suggesting that they function in the same pathway.
(B and C) The long life span of daf-2(RNAi) is partially suppressed by mir-71(n4115), and daf-16(RNAi) does not further decrease the life span of mir-71
(n4115), suggesting that miR-71 functions in the same pathway as DAF-2 and DAF-16.
(D) miR-71 additionally functions in the DNA damage checkpoint pathway.mir-71(n4115) fully suppresses the longevity induced by RNAi against CDC-25.1,
a factor of the DNA damage checkpoint pathway.
All life-span assays were conducted at 20C. Statistics are shown in Table S5.
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these genes in older animals specifically (Figure 6C). We also
examined the expression levels of other predicted targets of
miR-71—AGE-1, DAF-16, and CHK-1—in a mir-71(n4115)
background and found that the levels of these mRNAs were
unchanged in day 0 adults and modestly increased (<2-fold)
in day 10 mir-71(n4115) adults as compared to wild-type
worms.
Because we found that miR-239 function depends on
DAF-16, we also searched for potential targets of miR-239 in
the IIS pathway. Interestingly, however, none of the core genes
in the IIS pathway are predicted to be targeted by miR-239.
When we examined the expression of genes in the IIS pathway
by qRT-PCR, we found a decrease in the mRNA levels of
AGE-1 and PDK-1 in day 10 mir-239(nDf62) animals (2.2-fold
and 2.1-fold, respectively) (Figure S6D), suggesting that
miR-239 may act upstream of AGE-1/PDK-1 through a factor
yet to be identified (Figure 6D).
Conclusions
Our results reveal a greater involvement of miRNAs in
C. elegans life span than previously appreciated, with some
promoting and others suppressing longevity. We observed
significant expression changes of multiple miRNAs during
aging and also identified novel miRNAs in aged C. elegans.
Analysis of the life span of strains of C. elegans containing
mutations in miRNAs that exhibit the most significant changes
of expression during aging demonstrated that three of the
miRNAs that are most overexpressed in aged animals—
miR-71, miR-238, and miR-246—act to increase longevity in
C. elegans, whereas a fourth miRNA—miR-239—normally
limits life span. We found by genetic criteria that both miR-71
and miR-239 function through the insulin-signaling pathway.In addition, we observed that miR-71 also interacts with the
DNA damage response pathway, because it is required for
the longevity extension caused by knockdown of CDC-25.1
and CHK-1. Given that miR-71 is predicted to target CDC-
25.1 and CHK-1, this suggests a possible negative feedback
loop, whereupon miR-71’s ability to promote longevity is
antagonized by CDC-25.1 but miR-71 in turn negatively regu-
lates these genes (Figure 6D). Consistent with this idea, we
observed that in mutant animals lacking miR-71, the expres-
sion of CDC-25.1 in older animals is increased 8-fold. The
fact that miR-71 functions in both the IIS and the DNA check-
point pathways suggests that miR-71 is a possible link
between these pathways (Figure 6D).
Notably, the life-span abnormalities reported here are the
first observable phenotypes reported for these miRNAs.
Indeed, an earlier survey failed to identify any phenotypes
during growth and development for the vast majority of miRNA
knockout mutants in C. elegans [25]. Given that the majority of
miRNAs individually seem not to be essential for C. elegans
development, our observation of dramatic effects on adult
life span for four independent loss-of-function mutants is
striking. These results suggest that miR-71, miR-239, and
miR-246 may be aging-specific genes, functioning specifically
during adulthood to regulate genetic pathways that promote
life span. Consistent with this idea, we observed that the
upregulation in mRNA levels of two predicted targets of
miR-71 was specific to older animals. The absence of any
phenotypes beside abnormal life spans for these miRNA
mutants further suggests that they might not be genes with
antagonistic pleiotropic function—i.e., beneficial early in life
but detrimental postreproduction. However, we cannot rule
out a subtle function for these miRNAs in development—
indeed, these miRNAs are expressed dynamically during
AB
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Figure 6. Targets of miR-71 in the Insulin/IGF Signaling and DNA Damage Checkpoint Pathways
(A and B) Schematic representation and secondary structures of miR-71 binding sites on the 30UTR of PDK-1, a component of the insulin/IGF signaling
pathway, and on the 30UTR of CDC-25.1, a component of the DNA damage checkpoint pathway.
(C) In a miR-71 deletion genetic background [mir-71(n4115)], the mRNA levels of PDK-1 and CDC-25.1 are significantly upregulated specifically in older
adult animals (day 10) as compared to wild-type N2 animals as measured by qRT-PCR. Error bars represent standard deviation.
(D) Model for molecular and genetic interactions of age-related miRNAs with known aging pathways. Pointed arrows denote positive interaction; blunt
arrows denote negative interactions.
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2166development, especially miR-71 [31, 32]. It is possible that the
tradeoffs inherent to the roles of these miRNAs may only be
apparent in specific environmental conditions, such as
nutrient limitation and nonoptimal temperature. In this case,
these miRNAs may be used to fine tune the response of
C. elegans to environmental stress. In support of this idea,
we observe that the miRNA mutants that we found to exhibit
abnormal life span also show correspondingly abnormal
responses to stress. These results are in agreement with
previous studies that demonstrate that miRNAsmay be partic-
ularly well suited to modulate organismal response to stress
[15]. Because miRNAs have the potential to regulate multiple
targets, increasing the level of one miRNA could potentially
affect the action of a vast number of target genes. Indeed,
the upregulation of specific miRNAs has been noted in
response to a variety of sources of stress in different organ-
isms—DNA damage and oncogenic stress in mammalian cell
lines [10, 16], hypoxia in neoplastic cells [17], and nutrient
deprivation in plants [18]. In that context, it is particularly inter-
esting that we observed aberrant life-span and stress
responses in C. elegans mutants of miRNAs that are upregu-
lated with aging. These observations lend credence to the
idea that miRNAs may be particularly useful modulators of
gene regulatory pathways that respond to stress to affect an
organism’s life span. Given that miRNAs exhibit high degreesof conservation of sequence and function, it is likely that
miRNAs also play extensive roles in aging in more complex
animals.
Experimental Procedures
Strains and Culture Methods
The wild-type C. elegans strain N2 (Bristol) was cultured using standard
protocols [33]. Mutant strains were obtained from the Caenorhabditis
Genetics Center or generated in house and are listed in Supplemental
Experimental Procedures.
Life-Span Assays
Life-span assays were performed at 20C as described previously [5].
Statistical analysis was performed with GraphPad Prism 5.0 and JMP
software to determine survival difference (log-rank Mantel-Cox test).
Summary of life-span statistics is shown in Tables S3 and S4.
Stress Assays
Heat stress and oxidative stress (paraquat) experiments were performed
as described previously [34]. At least 30 animals were tested for each strain.
Mean and standard deviation were determined from experiments per-
formed in triplicate. p values were calculated via Student’s t test.
RNA Isolation and Sequencing
Total RNA was harvested from worm pellets and size selected (15–25 nt),
and miRNAs were cloned as described previously [31, 35]. The resulting
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2167cDNAs were then concatemerized as described previously [36] and
sequenced by 454 deep sequencing (454 Life Sciences/Roche) [37].
Computational Data Analysis
A total of 889,762 readscorresponding to smallRNAs (15–30nt)wereobtained
by 454 deep sequencing. The deep-sequencing reads were aligned to the
C. elegans genome (version WS190, obtained from WormBase), and the
number of sequence reads corresponding to known miRNAs was assessed
by perfect sequence matching to a database of known miRNAs (miRBase
v.13.0). To compare the differential expression of miRNAs across samples,
thenumberofmiRNAreads ineachsamplewasnormalizedto the totalnumber
of reads in each sample that matched the C. elegans genome (Table S1).
Novel miRNA Discovery
To identifynovelmiRNAs,weused thesoftwarepackagemiRDeep [8].Begin-
ning with all sequence reads that matched the C. elegans genome perfectly,
we discarded sequences that matched previously annotated ncRNAs and
mRNAs using NCBI blastall. In addition, matches to known C. elegans
miRNAs (miRBase v.13.0) and 21U-RNAs [32, 37, 38] were removed by
perfect sequence matching. The remaining reads were then mined for puta-
tive novel miRNAs with miRDeep using default settings [8], and secondary
structures of putative pre-miRNA hairpins were generatedwith RNAfold [39].
Computational Target Prediction
We used the program mirWIP to identify targets of aging-associated
miRNAs [30]. mirWIP targets are enriched for characteristics of bona fide
miRNA targets, including the structural accessibility of target sequences,
the total free energy of miRNA-target hybridization, and the topology of
base pairing to the 50 seed region of the miRNA [30]. Because mirWIP’s
target predictions originate from immunoprecipitation of the RNA-induced
silencing complex (RISC) factors AIN-1 and AIN-2 in C. elegans and are
reported to have a lower false-positive rate than other methods [30], they
are particularly appropriate to our study. mirWIP predictions were obtained
from http://146.189.76.171/query.php (predictions for mir-238 were not
available from mirWIP).
Additional experimental details are available in Supplemental Experi-
mental Procedures.
Accession Numbers
Raw sequencing reads from 454 deep sequencing and processed small
RNA sequences have been deposited in the NCBI Gene Expression
Omnibus with the accession number GSE24510.
Supplemental Information
Supplemental Information includes six figures, six tables, and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.cub.2010.11.015.
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